During the past two decades, diamond-like carbon (DLC) films have attracted an overwhelming interest from both industry and the research community. These films offer a wide range of exceptional physical, mechanical, biomedical and tribological properties that make them scientifically very fascinating and commercially essential for numerous industrial applications. Mechanically, certain DLC films are extremely hard (as hard as 90 GPa) and resilient, while tribologically they provide some of the lowest known friction and wear coefficients. Their optical and electrical properties are also extraordinary and can be tailored to meet the specific requirements of a given application. Because of their excellent chemical inertness, these films are resistant to corrosive and/or oxidative attacks in acidic and saline media. The combination of such a wide range of outstanding properties in one material is rather uncommon, so DLC can be very useful in meeting the multifunctional application needs of advanced mechanical systems. In fact, these films are now used in numerous industrial applications, including razor blades, magnetic hard discs, critical engine parts, mechanical face seals, scratch-resistant glasses, invasive and implantable medical devices and microelectromechanical systems. DLC films are primarily made of carbon atoms that are extracted or derived from carbon-containing sources, such as solid carbon targets and liquid and gaseous forms of hydrocarbons and fullerenes. Depending on the type of carbon source being used during the film deposition, the type of bonds (i.e. sp 1 , sp 2 , sp 3 ) that hold carbon atoms together in DLC may vary a great deal and can affect their mechanical, electrical, optical and tribological properties. Recent systematic studies of DLC films have confirmed that the presence or absence of certain elemental species, such as hydrogen, nitrogen, sulfur, silicon, tungsten, titanium and fluorine, in their microstructure can also play significant roles in their properties. The main goal of this review paper is to highlight the most recent developments in the synthesis, characterization and application of DLC films. We will also discuss the progress made in understanding the fundamental mechanisms that control their very unique friction and wear behaviours. Novel design concepts and the principles of superlubricity in DLC films are also presented.
Introduction
Carbon is one of the most abundant elements in our planet. It is the sixth most common element and exists in 94% of all known substances. The vast field of organic chemistry is mainly based on carbon. Undoubtedly, it is one of the most important building blocks for many chemicals, drugs and nutritional products on which our well-being and modern life style depend. Carbon is also the essential ingredient of numerous key engineering materials possessing exceptional 0022 properties. While some of these are very soft (graphite, polymers, plastics, etc), others are extremely hard and resilient (such as natural and synthetic diamonds and various carbides).
Most of the recently discovered nanomaterials (fullerenes, nanotubes, nano-onions, nanofibres, etc) are also carbonbased, and they are currently being used in the fabrication of a myriad of nano-to-micro-scale devices. Carbon is also used in the synthesis of numerous hard coatings including diamond, diamond-like carbon (DLC), carbon nitride, transition metal carbides and boron carbide. Because of their superhardness, superhigh thermal conductivity and superlow friction, some of these coatings have attracted tremendous interest in recent years from both the industrial and scientific communities, and their friction and wear properties have, in particular, been the subject of numerous scientific studies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
Other carbon forms (such as graphite, graphite fluoride, carbon-carbon composites and glassy carbons) are also valuable as low-friction engineering materials, and they are often used as solid lubricants by the industry to combat friction and wear under conditions where the uses of liquid lubricants are neither possible nor desirable [1, [5] [6] [7] [8] . Recently developed carbon-based bulk micro-and nano-composites and their coatings represent a new class of smart materials providing impressive friction, wear and corrosion properties even at high ambient temperatures [1, 11] .
Among the many properties of an engineering material, hardness and stiffness may play the most important roles in its ability to carry the load and hence its wear resistance. In general, materials with high hardness and stiffness have high wear resistance. Diamond represents a prime example, with its highest known hardness and extreme wear resistance. However, there is no universal correlation between hardness and friction coefficients of different materials and/or coatings [12] . Nonetheless, figure 1 classifies various coatings with respect to their hardness and friction characteristics to point out the fact that most carbon films are capable of providing not only high hardness but also low friction. In particular, DLC films appear to provide the broadest range of hardness and friction values, while some of the recently developed nanocomposite coatings are able to provide superhardness but lack lubricity or low friction [12] .
In brief, the field of carbon-based materials and coatings has enjoyed strong and growing interest from all kinds of scientific and commercial disciplines. In particular, diamond and DLC coatings have attracted the most attention in recent years, mainly because they offer a wide range of exceptional properties for a wide range of demanding applications. Accordingly, in this review, we attempt to highlight some of the most important developments in the field of DLC films in general and their tribology in particular. The present state of the art in scientific research and industrial practices that involve DLC films is also surveyed. A relatively short review paper such as this cannot address all the important facets of these films. Hence, we will focus our attention mainly on the most important developments of the last decade or so. We will also summarize the recent research on their friction and wear mechanisms. Several excellent review papers and book chapters already exist on the earlier developments concerning DLC and other carbon-based films [1, 2, 4, 13, 14] 
Historical perspective

Inception and early studies
Historically, the earliest research on DLC films can be traced back to 1953. Even though Eisenberg and Chabot are often considered as the true pioneers of this technology (mainly because of their comprehensive studies in the early 1970s [15] , Schmellenmeier had produced such carbon films back in 1953 and hence he was probably the earliest pioneer of DLC technology [16] . From the start of their studies, these scientists have immediately realized that these carbon films were rather unique and possessed some unusual mechanical and electrical properties. For one thing, they were mechanically very hard and resistant to scratching; they also possessed high dielectric constants, high index of refraction and excellent optical transparency. Furthermore, these early DLC films were chemically inert and hard to remove or etch out from coated surfaces by dipping into strong acidic solutions.
During the mid-1970s, Holland et al and a few other researchers also developed an interest in DLC films. These researchers were able to derive DLC from a number of gaseous hydrocarbon sources by applying an r.f. bias to the substrate materials and thus creating a plasma [17, 18] . In this respect, their deposition process was somewhat different from the one that Eisenberg and Chabot had used. Weissmental and his co-workers were the very first group of scientists who performed extensive electron microscopy and electronenergy loss spectroscopy work on DLC films to elucidate their structural and chemical nature [19] . Some of the earlier researchers had thought that these films were perhaps made of crystalline diamond, but the microscopic work by Weissmental et al proved otherwise; these films were made of amorphous carbon.
Despite their several attractive properties, DLC films did not draw much attention throughout the 1970s and even until the mid-1980s. This neglect may, in part, have been due to the fact that around the same time, the creation of crystalline diamond films using low-pressure chemical vapour deposition (CVD) had been announced, and most researchers were working on the hot topic of diamond but not on something like it [20, 21] . However, inherent difficulties plagued the large-scale production of diamond as thin films or free-standing large crystals that everybody was dreaming of producing at reasonable costs. Nevertheless, these dedicated research activities resulted in the development of high-quality diamond films that are now used in key industrial applications [22, 23] .
During the 1980s, only a few systematic studies were directed towards the production and in-depth structural and/or chemical characterization of DLC films. Most of the mechanical and tribological characterization works were carried out during the 1990s. Some of the very first kinds of DLCs produced by Eisenberg and Chabot [15] were tested for their durability as wear-resistant coatings on eyeglasses and cutting edges of steel blades. Limited test results confirmed that these films were capable of substantially improving the durability of both the eyeglasses and the steel blades [24] .
In a classic review paper from 1985, Arnoldussen and Rossi from IBM announced potential applications of DLC films as protective overcoats for magnetic recording media [25] . Such a possibility had already been explored to some extent by King in 1981, and some interesting results were reported by him at that time [26] . Specifically, in his experimental studies, the newly developed DLC-coated disc media exhibited much superior wear resistance compared with the other types of overcoats that were being used by industry. Based on his studies, King concluded that these DLC-based recording media would have been a significant step forward in advancing magnetic recording technology, and obviously he was right. During the late 1980s, numerous other studies specifically focused on the development and tribological characterization of DLC-type carbon overcoats for magnetic recording media (see, for example, [26, 27] ). From time to time, several excellent review papers have appeared on the uses of DLC as an overcoat for hard disc drives. For more reading on this subject [28] [29] [30] are particularly interesting. In this paper, we will not cover this subject any further, mainly because several excellent review papers address both the scientific and application-oriented issues in various carbon overcoats for magnetic storage media. The current trend is to further reduce the film thickness and the gap between the head and disc, with an ultimate goal of achieving contact recording that can potentially revolutionize the field.
Systematic studies
Most of the systematic studies on sliding friction and wear behaviour of DLC films were carried out during the 1990s. Only a few noteworthy studies appeared during the 1980s, and they were mostly carried out by Enke and his coworkers [31] . In their studies, the friction and wear coefficients of DLC films were indeed confirmed to be low, but they were also found to be sensitive to the test environments. Compared with graphite and diamond, some of the very first DLC films used in their studies exhibited relatively poor tribological performance in humid test environments but impressive performance in inert or dry test media. This finding was in contrast to the frictional behaviour of both graphite and diamond, which happen to provide low friction and wear in humid test environments, but relatively high friction and wear in inert gases or vacuum [8, 32, 33] .
During the 1980s, only a few other tribological studies specifically focused on the friction and wear of DLC films [34, 35] . During the 1990s, the interest in the tribology of DLC films gained momentum. As a result, several key publications emerged in a number of archival journals. Papers published by Grill et al [36] , Miyoshi and his co-workers [37] , Ronkainen et al [38] , Erdemir et al [39] and Donnet et al [40] are prime examples of such systematic studies on the tribology of DLC films. All and all, these early studies laid the foundation for more in-depth studies and reinforced the notion that DLC films are indeed unique and thus warrant further study for a better understanding of their friction and wear mechanisms. Figure 2 summarizes the number of scientific papers per year that have been published on DLC films since the early 1980s. Again, it is interesting to see that over the years, scientific interest in these films has grown tremendously. They are now considered as one of the most important tribological coatings in numerous application fields. Excellent reviews of work done on DLC films over the past several years are provided in [1, 2, 4, 13, 14, 35, 41, 42] . In particular, a recent comprehensive review by Robertson is an excellent source for further information on various types of DLC films and their properties [42] .
Practical applications
Since their discovery back in 1971, DLC films have come a long way to become one of the most valuable engineering materials for a number of industrial applications, including microelectronics, manufacturing, transportation and biomedical fields. Until the mid-to-late 1990s, very few applications took advantage of the unique properties of DLC films. In fact, except for the magnetic storage media, DLC films were not used in large volumes by industry. A few companies tried DLC films on eyeglasses and laser barcode scanners to improve their resistance to abrasive wear and/or scratching. Over the years, several new versions of DLC films have been developed, and with the introduction of industrialscale, more-robust coating systems, the production of highquality DLC films has become rather easy and inexpensive. In the late 1990s, DLC films were used extensively in razor blades and fuel injector systems of diesel engines. Over the past few years, researchers have made great strides in controlling film chemistry and hence properties. Current DLC films are highly optimized and hence have the capacity to meet the increasingly more stringent application requirements of numerous mechanical systems [1, 10, [42] [43] [44] . At present, high-quality DLC films are readily available from commercial sources. Some of these DLC coatings are extremely hard and resilient, while others are relatively soft but can provide some of the lowest friction and wear coefficients. Films that contain unique crystalline nanostructures and/or nano-phases are also available and have the ability to meet the increasingly more stringent application conditions of advanced mechanical devices. These multifunctional nanocomposite DLC films are now routinely produced by both CVD and physical vapour deposition (PVD). They are currently being used or tested for numerous applications, ranging from razor blades to microelectromechanical systems, from engine parts to articulated hip and knee joints, from bearings to machine tools and dies [1, 4, 43, 44] .
Synthesis and classification of DLC films
Synthesis of DLC films
Currently, several kinds of PVD and CVD methods can be used to deposit DLC films. The range of deposition temperatures is wide, from sub-zero to 400
• C. Depending on the type of deposition method being used, the range of deposition pressure, bias voltage, etc may also be varied over broad ranges [42] . Such a high degree of flexibility in deposition parameters is not always feasible with other coating types, including crystalline diamond or transition metal nitride and carbide films, all of which may require narrow ranges of deposition parameters for an ideal microstructure and/or chemical stoichiometry. Another feature that makes DLC films unique is that they can be deposited on all kinds of substrate materials. However, the ability of DLC films to establish strong bonding or adhesion can vary widely with the chemical nature of these substrate materials. For most tribological uses, DLC films must attain strong bonding to their substrates; otherwise, they can prematurely fracture and delaminate from the surface under the influence of high normal and/or shear forces that develop during sliding contacts [45] .
Strong interfacial bonding or adhesion can be attained easily between DLC and carbide-and silicide-forming substrates (such as Si, Ti, W and Cr). The adhesion of DLC coatings to other metallic and ceramic substrates may not be as strong but can be improved by the deposition of an initial bond layer on these substrates prior to DLC deposition. These bond layers are typically selected from those elements that are known to be strong carbide-or silicide-formers such as Si, Ti, Cr, W and Nb. These elements can chemically react with the atoms of the substrate materials and thus insure strong bonding. The deposition of these interface layers is ideally done in the same deposition chamber and before the start of DLC deposition. Such a practice minimizes the introduction of point defects and chemical impurities between the superimposed layers and allows high precision control of the entire deposition methodology. Figure 3 shows schematics for some of the plasma-based processes that can be used in the deposition of DLC films.
In the gas discharge plasmas of the PVD and CVD processes mentioned above, usually a hydrocarbon gas (such as methane or acetylene) is used as the precursor for carbon. Films derived from such hydrocarbon gases contain not only carbon but also considerable amounts of hydrogen in their microstructures, and they are often referred to as hydrogenated DLC films. Using the same deposition processes, one can also deposit super-hydrogenated DLC films by establishing higher than normal hydrogen-to-carbon ratios. For example, introduction of more hydrogen gas into discharge plasmas during film growth can lead to the formation of highly hydrogenated DLC films that contain more than 40 at. % hydrogen [3] . Compared with hydrogen-free DLCs, these films are relatively soft but exhibit some of the lowest friction and wear coefficients, as will be discussed later. Researchers have not yet experimentally determined the atomic-scale structures of these films, but researchers have attempted to simulate them by a variety of computational tools. Figure 4 is a molecular dynamic simulation of the atomic structure of a typical hydrogenated DLC film having a network of carbon atoms with three-and four-fold atomic coordination and different forms of hydrogen within their structure.
Solid carbon materials (such as graphite, glassy carbon or carbon-carbon composites) can also be used as carbon sources in the deposition of DLC films. These carbon sources are mostly used in cathodic arc-PVD, laser ablation (or pulse laser deposition, PLD), ion-beam assisted deposition and magnetron sputtering processes [19, [46] [47] [48] [49] . The DLC films produced by conventional sputter deposition may contain large amounts of sp 2 -bonded carbon atoms, and hence they tend to be much softer than those DLCs deposited by arc-PVD and PLD methods. However, in recent years, closed-field unbalanced magnetron sputtering, filtered-cathodic arc and PLD methods have become increasingly popular, especially for the production of super-dense, ultra-thin (a few nanometres thick) DLC films, mainly for use in magnetic hard disc applications. These processes enable larger amounts of sp 3 -bonding and hence superhardness, which are necessary for superior tribological performance and longer durability even at very small thicknesses [48] [49] [50] . In the past, nanoto-micrometre size particles generated during deposition of such films used to be a major problem, but with the use of advanced magnetic filtering systems, these problems have been overcome, and the latest films are dense, uniform and almost particle free. Because of their percentage of high sp 3 -bonded carbon atoms (up to 80%), DLC films produced by arc-PVD and PLD methods are often referred to as tetrahedral amorphous carbon [51] . They possess super-high hardness and stiffness, but like other DLC films, they are thermally insulating and could be made optically semitransparent.
The development of femtosecond PLD processes offers new possibilities for the deposition of more advanced DLC films. The use of femtosecond pulses (typically 150 fs) with very high power densities (up to 10 13 W cm −2 ) can ablate carbon atoms with much higher velocities and hence kinetic energies (up to 1 keV), compared with the conventional nanosecond laser ablation processes [52] . The high kinetic energy facilitates the implantation of some of the impinging carbon atoms into the substrate materials, thus ensuring strong adhesion between substrate and DLC. These coatings consist of large proportions (up to 70 at. %) of sp 3 -bonded carbon atoms, exhibit rather low internal stresses and have fewer micro-particles or droplets on their surfaces, compared with the DLC films deposited by conventional PLD and cathodic arc-PVD methods [53] . DLC films deposited by femtosecond PLD (containing 70% of sp 3 carbon) have exhibited friction coefficients of about 0.1 and wear rates of 1.6 × 10 −8 mm 3 N −1 m −1 when tested in ambient air under a contact pressure of 0.5 GPa [53, 54] .
One of the most promising features of the femtosecond PLD is associated with its unique ability to deposit nanostructured and doped or nano-alloyed DLC films. Recently, this technique has been used successfully to deposit metal-doped DLC films, with a very precise control of the metallic concentration within the carbonaceous matrix [55] . This technique can also be used in the deposition of DLC films consisting of metallic clusters or nano-phases in the 10-200 nm range [56] . Furthermore, by alternating ablation between carbon and metal targets, one can also produce nanolayered DLC films that are made of alternating layers of metallic and carbon phases [57] . Such coating architectures may combine a range of attractive physical properties such as high thermal and/or electrical conductivity, low friction and wear and supertoughness.
Hydrogenated DLC films are generally soft and do not possess very high internal stresses [45] . Hence they can be deposited rather thickly without creating any problems regarding adhesion or cracking. However, hydrogen-free DLC films are very hard and often exposed to high levels of internal stresses. Their thickness is generally limited to 1 µm or so. Doping with certain elements allows deposition of thicker coatings with lesser degree of internal stresses, but the hardness of the film may also decrease [42] . As mentioned above, with the use of the femtosecond PLD method, one can deposit very thick hydrogen-free DLC films without a high degree of stress buildup [53] . Whatever the technique, the fraction of sp (a) CH films [42, 51] . Consequently, the substrate temperature during film deposition is a critical parameter. Above a transition temperature of 250
• C, a noticeable decrease in the high sp 3 content and density is observed. This transition temperature decreases with increasing ion energy during film growth.
Because the film structure is a strong function of the energy of the impinging species, this ability depends on several plasma parameters, mainly the bias voltage and the gas pressure. The bias voltage is primarily controlled by the RF or pulse-dc power sources, but the desirable range of gas pressures in the deposition chamber is obtained by a series of gas flow metres. The amounts of sp 3 -bonding and hydrogen in DLC films are affected by the average impact energy of the impinging atoms. More precisely, at the lowest impact energies, the gaseous precursor is not sufficiently decomposed, and as a result, a polymer-like carbon film with a predominance of =CH 2 groups is generally obtained. At intermediate impact energies, the hydrogen content is reduced and sp 3 type bonding is favoured, thus leading to the so-called 'diamond-like' qualities. However, if the impact energies become too high, a graphite-like carbon network is obtained, mainly because of an increase in the disordered sp 2 -like bonding.
Classification of DLC films
Most DLC films are structurally amorphous and, as discussed above, they can be synthesized by plasma-based PVD and CVD methods. Depending on the deposition methods and carbon sources used, the structural chemistry of the resultant films may also differ substantially, and such differences may, in turn, lead to large variations in their properties. Figure 5 compares the nano-wear characteristics of various DLC films produced by different deposition methods. As is clear, depending on the deposition method used, the wear resistance of DLC films differs substantially.
Structurally, DLC films are made of sp 2 -and sp 3 -bonded carbon atoms. Trace amounts of sp 1 bonding are also feasible under certain deposition conditions, but the bulk of the bonds are predominantly sp 2 and sp 3 [42] . The relative amount of sp 2 versus sp 3 -bonded carbon atoms varies a great deal from one DLC film to another. Films with a high proportion of sp 2 -bonded carbon atoms tend to be relatively soft and behave more like graphite during tribological tests, while films with more sp 3 -bonded carbons are more like diamond, and hence they are superhard and provide impressive tribological properties [50] . If the films are derived from a hydrocarbon source (such as acetylene or methane) then large amounts of hydrogen may also be present within their structures. Figure 6 represents the various DLCs and other carbon films in a ternary phase diagram. This diagram was proposed by Ferrari and Robertson, who have performed perhaps the most comprehensive structural and chemical studies on these films using spectroscopic techniques [51] .
In the ternary diagram shown in figure 6 , the regions of various DLC films are clearly identified, and based on the fraction of sp 3 bonds and hydrogen content, the films are classified into several kinds, ranging from hydrogenated amorphous carbons (or a-C : H) to tetrahedral amorphous carbon (or ta-C [51] . Table 1 summarizes the basic properties of these carbon films with respect to their sp 2 , sp 3 and H contents. Such a wide range of film structures and compositions and the diversity of methods available for the production of DLC films are not possible with other types of hard coatings. In addition to the ones shown in the phase diagram of Ferrari and Robertson, there exist several more DLCs consisting of different kinds of alloying elements, discrete compound phases in a nanocomposite and superlattice or nano-layered coating architectures, as will be discussed later.
Friction and wear of DLC films
The unique tribological behaviour of DLC films may vary a great deal from one type to another. Test conditions and environments can also play a major role in their friction and wear. In particular, the friction values reported for various DLC films span the range 0.001-0.7, which probably represents the widest range of friction among all other materials or coatings [1] . As far as wear performance is concerned, certain DLC films are very soft and easily scratchable, while others are extremely hard and resistant to wear (the normalized wear rates of such films are as low as 10
. Such a large disparity in friction and wear properties of DLC films appears to stem from a complex combination of intrinsic or film-specific factors and extrinsic or test-condition-specific factors. Intrinsically, the friction and wear behaviours of these films are strongly affected by their chemical and structural nature. Extrinsically, the tribotest conditions (including material parameters, such as the nature of the substrate and counterface materials, contact pressure, nature of motion, speed, ambient temperature during sliding test and the nature and/or chemistry of the test environment) may play significant roles. Therefore, the following sections will provide a detailed discussion of such factors.
Major causes of friction in DLC films
As with most other materials and coatings, the factors that influence the frictional behaviour of DLC films are many and may vary from one type of DLC to another. As mentioned earlier, it is possible to divide these factors into two broad categories: intrinsic factors and extrinsic factors. Intrinsically, the degree of sp 2 versus sp 3 bonding as well as the relative amounts of hydrogen and/or other alloying elements in the structure or on the sliding surfaces of DLC films can have a strong effect on their friction and wear behaviours. Extrinsically, the frictional behaviour of these films can be affected by the extent of chemical, physical and mechanical interactions between the rubbing surfaces of DLC films and their surroundings. The physical roughness of the sliding surfaces of DLC films can also have a strong influence on friction and wear. The contribution from each type of interaction to overall friction can vary a great deal and may depend strongly on the specific test conditions or parameters (load, speed, type of motion, distance, etc) that are being employed during the sliding tests. The chemical nature of test environments, ambient temperature and the type of counterface material that is being rubbed against the DLC films can also play major roles. The presence or absence of a transfer film on the sliding surfaces of counterface materials and the physical and/or chemical nature of such films can also influence friction.
Physical and mechanical interactions.
Physically rough surfaces can certainly cause high friction and severe wear losses in most sliding contacts. Specifically, if the sliding surfaces are very rough, a high level of mechanical interlocking can take place between surface asperities and lead to high frictional losses (especially during the run-in or initial stages of sliding tests). A prime example is the inherently rough surface finish of microcrystalline diamond films, which can cause high friction and severe wear losses during sliding contacts. In fact, recent systematic studies have demonstrated the existence of an almost linear correlation between surface roughness and friction and wear coefficients of sliding diamond surfaces [1, 58] . In general, it was found that the higher the surface roughness, the greater the friction and wear losses. Most DLC films are structurally amorphous and hence they can closely mimic the original surface roughness of the substrate materials. Roughness increase due to preferred growth orientations is not possible with amorphous DLC films but is possible with crystalline diamond films. When deposited on highly polished surfaces (such as Si wafers), the surface finish of DLC films is extremely smooth; however, if deposited on a lapped or rough ground surface, their surface finish is very rough. A rough surface finish may also result from the type of deposition process that is used. For example, the films deposited by conventional PLD and arc-PVD methods may result in numerous nano/micro-particles and/or droplets being ejected from the solid carbon sources and then deposited on the surface of the substrate materials along with the actual DLC films. The presence of such microparticles on sliding surfaces can cause high friction and wear losses, especially during the initial run-in periods of sliding tests. In general, regardless of the type, the smoother the DLC films, the lower their friction and wear coefficients (provided that other tests parameters are kept the same). Figure 7 demonstrates that if the DLC films are deposited on an originally rough or lapped surface, the measured friction coefficients are much higher than films produced on a highly polished surface.
Adhesive interactions.
Apart from the adverse effects of surface roughness on friction and wear, the extent of chemical and/or adhesive interactions between sliding DLC surfaces may also strongly influence their friction. In these films, the adhesive interactions can primarily result from several types of bonding. Among others, covalent bond interactions between unoccupied or dangling σ -bonds of sliding carbon film interfaces can account for a significant source of adhesion. Covalent bonding is the strongest type in carbon-based materials, and if it is not taken care of then very Figure 8 . Effect of moist air on the frictional behaviour of a ta-C film. Note that its friction is very high in dry nitrogen but drops rapidly as soon as humid air is let into the test chamber.
strong adhesion and hence friction may result between such sliding surfaces. For example, some papers report friction coefficients of more than 1 in ultra-high vacuum (UHV) for both the bulk and thin-film versions of diamond [59, 60] . Such bonding may also occur between sliding diamond surfaces at very high temperatures [32, 61] . Apparently, under UHV and high-temperature sliding conditions, the surface adsorbates that normally pacify those σ -bonds are either absent or mechanically and thermally removed from the sliding surfaces. The covalent bonds that become free and active then interact with each other and give rise to the very high friction coefficients that were reported earlier [59] [60] [61] . The same is true for hydrogen-free DLC films. In particular, tetrahedral amorphous carbon (or ta-C) type DLC films possess a high degree of sp 3 -bonded carbon in their structure. As shown in figure 8 , the friction coefficient of such films in dry nitrogen (with near zero relative humidity) is rather high, i.e. about 0.7. However, when moisture is introduced into the test chamber, their friction coefficient drops sharply to values less than 0.3. The high friction in dry nitrogen is largely attributed to the high level of covalent σ -bond interactions between sliding contact surfaces, while the lower friction in moist air is mostly due to the passivation of these σ -bonds by oxygen and water, which reduce the extent of adhesive interactions between these sliding surfaces.
The van der Waals forces, π -π * interaction, capillary forces and electrostatic attractions may also be present between sliding DLC surfaces and can certainly increase adhesion and, hence, cause friction. Ionic, metallic and magnetic bond interactions do not exist in carbon films. The weakest bonding, the van der Waals force, exists between most surfaces brought into very close proximity of each other. Little lateral force is needed to overcome this bond. The lamellar sheets of MoS 2 and a few other solid lubricants are held together by these forces, and that is why such solids are easy to shear and hence self-lubricate.
Among others, π-π * interaction between sliding DLC surfaces may account for significant adhesive bonding. This type of interaction is relevant to crystalline graphite, and hence it plays a major role in the friction and wear behaviour. The severity of π-π * interaction is reduced by the presence of water and a few other molecules in test chambers [8] . In dry test environments, the friction coefficient of graphite is more than 0.3; while in moist air, it is only around 0.15. DLC films with numerous sp 2 -bonded carbon atoms and without any hydrogen (specified by a-C in the ternary diagram in figure 6 ) behave similarly to graphite in tribological testing. Hard ta-C or hydrogen-free DLC films generally exhibit lower friction (i.e. 0.1-0.2) in humid air. In ta-C films, relatively high friction can cause a local shear-induced graphitization at nano-to-micro-scales, as described below in section 4.1.5. Consequently, it is not surprising that the friction coefficient of ta-C films decreased with increasing humidity [62] because water molecules are known to intercalate between graphite layers and facilitate their slip over each other. In contrast, the friction of a-CH films generally increases with humidity [63] [64] [65] . Figure 9 summarizes some of the bond types and their energies with respect to the frictional behaviour of DLC films.
Tribochemical interactions.
The sliding contact surfaces of most carbon films are chemically very stable and, hence, are generally inert towards outside species under static conditions. They do not normally enter into major chemical interactions with liquids and/or solid materials when brought into direct contact. However, under the influence of dynamic sliding contacts, these surfaces may interact with counterfaces and with the gaseous molecules (such as water molecules, oxygen and hydrocarbons) in their surroundings. Depending on the extent and nature of such interactions, steep fluctuations may be observed in DLC frictional behaviour [39, 40, [62] [63] [64] [65] . This finding clearly suggests that a gas-surface interaction is feasible and perhaps the main cause of the fluctuations in friction. Some of the gaseous species are highly polar (such as water molecules), and they can physically interact with the surface carbon atoms of DLC films to form a layer of physisorbed species. The rate of formation of such layers is thought to be very high; even if these layers are removed mechanically during sliding, they can replenish or re-form quickly and change the frictional behaviour of these films [63, 65] .
Systematic studies by Heimberg et al [63] and Dickrell et al [65] have confirmed that the velocity dependence of the friction coefficients of a-C : H films was indeed due to strong gas-surface interactions. From a series of tests in controlled environments, these authors concluded that the longer the exposure time between subsequent sliding passes, the higher the friction of DLC films [63, 65] . These initial findings were further corroborated by recent model experiments in which a clear dependence on exposure time as opposed to velocity was found. Recent efforts to model the transient-to-steadystate frictional behaviour of a-C : H films (with respect to Langmuir's fractional surface adsorption and removal rates) compared favourably with the friction data generated earlier by Heimberg et al [63] .
Among the gaseous species that may exist in test chambers, oxygen and water molecules were shown to have the strongest effects on the friction and wear behaviour of DLC films. For example, in vacuum and inert gases, friction coefficients of less than 0.01 are feasible with certain DLC films (especially highly hydrogenated DLC films) [3, 40, 66, 67] ; however, when oxygen and/or moisture are introduced into the test chambers, their friction coefficients may increase substantially, as shown in figure 10 . In highly moist air, condensed water molecules can give rise to capillary forces that increase friction.
If sliding takes place in a liquid (such as water, oil or fuel), the frictional behaviour of DLC films may be primarily dominated by the physical (such as viscosity) and chemical nature (such as polarity, chemical affinity and molecular size) of such liquids. In certain types of DLC films, tribochemical interactions between sliding surfaces and the additives in oils have led to the formation of low-friction tribofilms (such as MoS x and WS x ) [68, 69] . Recently, researchers have demonstrated superlow friction and wear on hydrogen-free DLC films with the addition of glycerol monooleate (GMO) to poly-alpha olefin base oils [70] . Detailed surface analytical studies have revealed that such impressive tribological behaviour was primarily due to the formation of an OH-terminated carbon surface causing very little σ -bond interactions.
The tribochemistry of sliding interfaces that involve a DLC coating is complex and has been the focus of many fundamental studies in recent years. Despite being highly inert, DLC films interact or react with the chemical species in their surroundings as well as with materials that are being rubbed against them. Recently, a new concept based on tribocharging, tribomicroplasma generation and triboemission phenomena has been proposed by Nakayama [71] . For the tribosystems that consist of a diamond and/or a DLC film, the intensity of tribomicroplasmas generated at sliding interfaces increases linearly with the electrical resistivity of these films. The highly insulating DLC films produce the greatest triboplasmas and hence trigger strong tribochemical interactions.
The incorporation of certain alloying elements (such as Si, F, B, P, N and various metals) into DLC films may induce a significant effect on the tribochemical mechanisms of these films [72] . The reactivity of such atomic species with oxygen or water vapour during sliding (such as Si, which forms silicon hydroxides during the friction process) may induce higher inertness of the carbonaceous network. As a consequence, the coefficient of friction can be made less sensitive to the relative humidity of the surrounding environment through the incorporation of silicon, as discussed in [73] [74] [75] . DLC films containing small amounts of Si, F, B and S exhibit friction coefficients almost independent of the relative humidity, within a range 5-85% [1, 76] .
Thermal interactions.
Upon exposure to elevated temperatures, DLC films may undergo gradual transformation from a highly disordered or amorphous state to an increasingly ordered or graphitic state [77, 78] . This occurs mainly because these films are thermodynamically unstable, and when external thermal energy is provided, the carbon and/or other atoms may begin to re-arrange themselves and assume thermodynamically more stable bonding configurations, such as graphite. If the DLC film is hydrogenated, some of the hydrogen atoms (especially the ones that are not bonded to carbons) may begin to diffuse out and leave a relatively porous structure behind. With such changes in chemical and structural morphology, the friction and wear behaviour of DLC films also change. In the case of hydrogenated DLC films, the end product may be a highly porous and graphitic thin layer that is very soft and hence wears out quickly. Hydrogen-free or ta-C type films may have much higher endurance limits to elevated temperatures. The structural integrity or density of these films does not change much until reaching very high temperatures (i.e. 500 • C), at which point they may also gradually transform to graphite. The hydrogenated DLC films (depending on the degree of hydrogenation or hydrogen content) may provide low friction up to about 300
• C during short-duration (i.e. ≈1 h) sliding tests, but during repeat or extended tests, they tend to wear at a much faster pace than at room temperature [77] . Hydrogen-free or ta-C type films may last longer; however, their friction coefficients tend to increase with increasing test temperatures (presumably due to the thermal desorption of water and other adsorbed species from their sliding surfaces). Figure 11 compares the frictional behaviour of the same ta-C film at room temperatures, 200 and 400
• C.
Third-body interactions.
The frictional behaviour of DLC films can be influenced by the presence or absence of third bodies or transfer layers on their sliding surfaces [64, [79] [80] [81] [82] [83] [84] . These layers mostly form on the surfaces of uncoated counterface balls and pins sliding against the DLC-coated flats or discs. The type or composition of counterface material may also play some role in the kinetics and/or thermodynamics of transfer film formation. Normally, those counterface materials that are known to be very strong carbide formers (Ti, Fe, W, Si, etc) tend to generate such layers much faster and with a much higher degree of coverage and strong bonding. Conversely, non-carbide formers (such as Cu) may not form a stronglybonded transfer layer on their sliding surfaces, and the friction coefficients of the DLC films sliding against such non-carbide formers are generally high. Figure 12 shows a transfer layer that was formed on a steel ball during a sliding test in dry nitrogen.
The third bodies or debris particles are generally produced by wearing of sliding contact surfaces. These debris particles are trapped at the sliding contact interfaces and undergo severe physical grinding action as well as chemical reaction with the uncoated ball surface and other species in their surroundings. These debris particles are often smeared on one or both sides of the sliding pairs as a thin film. In the case of most DLC films, the debris particles and transfer layers have a disordered microstructure, and their Raman spectroscopy and electron diffraction patterns resemble those of a disordered graphite [82] [83] [84] [85] [86] . Hauert [87] has shown that the chemistry involved in the formation of a transfer layer during a tribological experiment depends critically on experimental conditions such as the contact force and the sliding velocity: at the highest load and sliding velocity, a continuous transfer film is formed on sliding surfaces of steel balls, with a composition similar to the original DLC film. On the contrary, at the lowest loads and sliding velocities, fiber-like debris particles from discontinuous wear are generated, and these particles have a Raman signature that is very close to that of graphite. These two opposite experimental configurations have been tested at the same relative humidity (60%) but under different contact pressures. Since the tests were run in humid air, it is possible that the debris particles may have contained considerable amounts of oxygen, but this was difficult to verify with Raman.
Lower humidity tends to increase the rate of graphitization of third-body particles mainly because of the reduced cooling effect of water molecules on flash heating. The rate of graphitization can be reduced by lowering ambient temperature or by further increasing the humidity level in test chambers. Again, this observation can largely be attributed to the suppression of the temperature rise at contact spots where flash heating can take place.
When tests are run in vacuum, the partial pressure of water vapour (pH 2 O) appears to dominate the mechanisms by which frictional interactions occur. For example, during recent experimental studies with a hydrogenated DLC film in ultrahigh vacuum, a transition from the ultralow friction regime (10 −2 range) to moderate friction regime (10 −1 range) R320 occurred when the water vapour pressure increased from 0.1 hPa (RH = 0.4% at 23
• C) to 1 hPa (RH = 4% at 23
• C) [67, 88] . Similar observations were made on a highly hydrogenated DLC film during tests under a wide range of water vapour pressures by other vapour pressures by other researchers [89, 90] . In all these tribological tests, DLC films were applied on the ball sides, and thus the sliding took place between two DLC surfaces. Under conditions where DLC was present on only one of the sliding surfaces, such as the disc surface, the formation of a carbon-rich transfer film on the ball side was paramount for achieving ultralow friction [66] . However, when tests were performed under increasing partial pressures of water vapour, the friction tended to increase significantly. At higher humidity levels, the transfer layers formed on ball surfaces were much thinner (as detected by Auger electron spectroscopy). Consequently, the counterface and the tribotesting parameters, together with the test environment, play a crucial role in the kinetics of the formation and composition of the transfer films and, thus, strongly influence the friction and wear behaviour of DLC films. Recent systematic studies by Scharf and Singer further confirmed that the formation and periodic loss of transfer films from sliding sapphire ball surfaces are the main causes of fluctuations in the friction behaviour of DLC coatings [79] .
Recent advances and future prospects
Novel compositions
Because of their increasing popularity and diverse potential applications, DLC films have gone through numerous modifications in their microstructure and chemistry during the past decade. Using advanced deposition techniques, researchers have developed more exotic DLC films that are truly nano-structured, -composite or -alloyed to provide much improved physical, mechanical and tribological properties. In particular, doping DLC with certain metals, metalloids and gaseous species (such as Ti, B, S, Si, Cr, F, W and N) has become popular for various applications. Systematic studies have confirmed that compared with their predecessors, these nano-alloyed or doped-DLC films are capable of providing superior mechanical, tribological, thermal and electrical properties [30, 52, 53, 72] . Adding Si, Ti and W into DLC films was proved to provide better friction and wear properties under lubricated sliding conditions and high resistance to scuffing under severe contact pressures [68, 91, 92] . For example, with the addition of W, up to 50% reduction in friction is reported by Podgornik et al [68] . Mechanistically, the superior tribological behaviour of W-containing DLC films under lubricated sliding conditions may have been due to the formation of WS x type tribofilms on their sliding surfaces. Figure 13 compares the frictional properties of a standard and a B-doped DLC film in open air. As is clear, the presence of dopants in DLC films can definitely improve their friction and wear performance.
Among all other alloying elements, nitrogen occupies a special place in the field of DLC films. Nitrogenated DLC (also referred to as 'carbon nitride films') provides significantly higher hardness and superior tribological performance when used in magnetic hard disc applications [30, [93] [94] [95] [96] . A superlow friction version of carbon nitride has recently been pioneered by Kato and his co-workers [5, 97] . When tested in dry nitrogen or nitrogen gas flow against Si 3 N 4 balls, such films reached friction coefficients less than 0.01. These films had a significant positive impact on the tribological performance of SiC ceramics when tested in water [98] . Interest in doping carbon films with nitrogen started back in the 1980s, but this idea gained increased momentum during the 1990s when Cohen and his co-workers predicted that the synthesis of a crystalline form of carbon nitrides (in particular, β-C 3 N 4 ) is feasible and, if realized, such a material could provide hardness values much greater than that of natural diamond [99] . Despite intense research by many scientists in past years, the production of such crystalline C 3 N 4 phases has not yet been achieved or independently confirmed, but the amorphous carbon nitride films have since flourished and been used in industrial applications. Apparently, these films possess the impressive mechanical, tribological and corrosion properties that are desirable in magnetic hard disc applications; hence, most of the hard disc overcoats are currently made of carbon nitrides [5, 30, 91, 93, 94, 96] .
Novel architectures
Apart from the monolithic or single-phase DLC films mentioned above, production of multilayered and nanostructured DLC films has also become popular in recent years. Such films typically consist of an amorphous carbon matrix impregnated with nano-scale crystalline phases. In the case of multilayer films, alternating layers of amorphous carbon and crystalline or amorphous layers of other metals and/or compounds are produced at thicknesses ranging from a few nanometres to tens of nanometres. Such films can easily be deposited on appropriate substrates by preferably using hybrid deposition systems consisting of not only sputtering but also cathodic arc-PVD, ionbeam deposition or femtosecond pulsed laser ablation. These nanocomposite and multilayered DLC films are tough and resistant to microcrack initiation and growth during mechanical or tribological uses [100] .
Some of the very popular multi-layered films engineered in recent years consist of alternating layers of carbon and W or carbon and Cr [100, 101] . In particular, DLC films consisting of C/W multilayers are currently being used by industry to overcome friction, wear and scuffing problems in critical engine components [102, 103] . Mechanically, most of the multilayered films are relatively soft but can provide excellent toughness and high resistance to scuffing and adhesive wear in rolling and sliding contacts, especially under lubricated sliding conditions. In particular, the DLC films based on C/W (either nanocomposite or multilayered) work extremely well under lubricated sliding conditions, and mechanistically, such superior performance is attributed to the formation of WS x -rich boundary films on sliding contact surfaces [68] . They are currently used as protective films on gears, piston rings, bearings, fuel injectors and several other demanding engine applications [102] [103] [104] [105] [106] . In recent years, such films have been the subject of more intense scientific studies and attracted much broader interest from several industrial end users [107] [108] [109] [110] . The nanocomposite DLC films are primarily made of nanoscale carbide phases that are evenly dispersed or embedded in the amorphous DLC matrix [111, 112] . The size and concentration of these nanophases can be tailored to achieve a wide range of mechanical, electrical and tribological properties [101, 111, 113] .
As is clear from the foregoing, the DLC films have evolved rapidly over the past two decades. The structure and composition of these films (H content, fraction of H bonded to C, C hybridizations, nature of bonds, alloying elements, etc) are strongly influenced by the average impact energy of the atomic and/or ionic species that impinge on the growing film surface and by the deposition temperature. The latest DLCs are both structurally and chemically unique and can meet the increasing demands of advanced mechanical systems. With the introduction of hybrid deposition processes in recent years, the latest films with a nanocomposite or multilayered architecture now offer much improved properties and better performance under dry and lubricated sliding conditions.
Patterned DLC films
In an attempt to further improve the performance and durability of DLC films under lubricated sliding conditions, researchers have lately been creating special textures on their sliding surfaces. In particular, high-precision patterns created on DLC surfaces by excimer lasers have been shown to improve the tribological properties of these films under boundarylubricated sliding conditions [114] . Furthermore, with the use of femtosecond lasers, even greater improvements in friction and wear have been achieved. For example, with the use of ultrashort laser pulses (in the 100 fs range, with power density as high as 10 13 W cm −2 ), researchers were able to ablate various materials without much collateral damage (i.e. no splashing of molten metal and negligible heat-affected zone). This behaviour is more typical of surfaces prepared by conventional lasers [115] . Lifetime increases up to a factor of 10 have been reported for the femtosecond-laser-patterned TiN [116] and TiCN [117] films. Improved durability and frictional performance of the patterned surfaces have mainly been attributed to the fact that shallow dimples created on sliding surfaces act as reservoirs for lubricants and improve the hydrodynamic efficiency of such surfaces. These dimples can also trap abrasive wear particles that may have been generated during sliding contacts and thus reduce the risk of third-body wear.
Recently, laser patterning of wear-resistant DLC films has been done by two methods: applying a coating over alreadypatterned substrates (indirect processing) or by direct laser patterning of an as-deposited DLC film [118] . Dimple depths (>10 µm) that yield positive tribological improvements are much greater than the DLC film thickness (<5 µm). Dumitru et al report that debris particles were conveniently trapped within the dimples created by the indirect laser processing, thus preventing third-body wear and hence the breakdown of the whole tribological system. According to Voevodin et al [119] , the three-dimensional design considerations have considerably improved the tribological characteristics of hard coatings by permitting solid lubricant replenishment inside the sliding contacts. Such patterning may have additional positive effects by carrying away the heat from sliding interfaces. In [119] , a functionally-gradient Ti-TiC-TiC/DLC coating with an upper layer of tough nanocrystalline/amorphous composite was used for load support, crack prevention and stress equalization. This coating was processed by laser irradiation to form grooved tracks along wear paths, which were then filled with MoS 2 to provide a solid lubricant reservoir in the lateral dimension of the coating. The three-dimensional coating was tested in long-duration sliding tests at fixed and variable humidity. The coating exhibited environmental adaptation, with friction coefficients of 0.15 in humid air and 0.02 in dry nitrogen. The wear life was increased by at least one order of magnitude when compared with that for a hard coating with a top MoS 2 layer but without three-dimensional laser patterns.
Novel carbon films and structures
In another major development, DLC films have been successfully deposited on flexible polymers and rubber-like flexible substrates [120, 121] . These new coatings possessed a compositionally graded microstructure and thus had a gradient of mechanical properties. They are most conveniently synthesized by plasma-enhanced CVD processes in which bias voltage and gas discharge or plasma composition are controlled. Havert et al and Zhang et al have shown that the wear rate of such DLC coatings can be minimized further by controlling the sequence of the alternating layers and by varying the thickness of each layer [122, 123] . In addition to these coatings that hold promise for applications on flexible or polymeric substrates, new forms of carbon films with structure and properties close to those of DLC are now being deposited, and they have shown excellent mechanical and tribological properties. These films are produced by magnetron sputtering by establishing a unique combination of bias voltage and substrate temperature during film deposition. The films produced under such condition have a fullerene-like microstructure, as confirmed by high-resolution transmission electron microscopy [124] . Because of their unique structures, these films are very hard and resilient and have exceptional ability to recover elastically. Studies by Neidhardt et al confirmed a solid lubrication capability for such films under a wide range of sliding conditions and increased the prospects for some applications for these fullerene-like carbon films [125] .
In another interesting development researchers have synthesized a carbon film that is derived from carbide-based materials and coatings. Specifically, the metallic part in these carbides is selectively removed by high-temperature chlorination, and the carbon atoms left behind are rearranged to form the carbon films. Being directly derived from the carbide substrates, they are called carbide-derived carbon (CDC) films. These films are truly nanostructured and consist of both amorphous and crystalline forms of carbon (i.e. nanocrystalline graphite, diamond, fullerene-like structures, such as carbon nano-tubes, -onions and -horns). Recent tribological studies have confirmed that CDC films have impressive friction and wear properties, especially after a post-process hydrogen treatment [126] . These films are not produced in a plasma deposition system and do not involve energetic bombardment; however, they possess similar characteristics to those of DLC in terms of their tribological behaviour. The friction and wear mechanisms observed in these films are very similar to those of the DLC films. Other examples of novel carbonaceous materials with interesting tribological properties include nanoonions and fluorinated single-and multi-wall nanotubes. Recent exploratory research has shown that all these carbon forms are able to lower friction and extend the wear life of sliding interfaces even under extreme sliding conditions [127] .
Superlubricity in DLC films
As discussed in section 4, the sliding friction and wear coefficients of DLC films are generally low, but depending on the kinds of extrinsic and intrinsic factors, these coefficients may vary widely. To achieve superlow friction (µ < 0.01) in DLC films, one has to reduce or eliminate the main causes of friction. One of the requirements is to make sure that the sliding surfaces of DLC films are atomically smooth (like cleaved mica surfaces). Such a smoothness, combined with molecular flexibility, is necessary for eliminating mechanical interlocking and/or asperity-asperity interactions during sliding. Secondly and most important, these surfaces must have the highest degree of chemical passivity or inertness so that they do not enter into any type of adhesive bonding or chemical interactions with counterface materials.
Because of their amorphous structures, DLC films can be made extremely smooth. When deposited on atomically smooth or highly polished substrates (such as Si wafers or cleaved sapphire or mica surfaces), DLC films can attain the kinds of smoothness that are needed for eliminating the deleterious effects of surface roughness on friction. At thicknesses as low as 2-5 nm, they provide very uniform coverage and mimic the original surface roughness of the underlying substrates. If necessary, the sliding surfaces of DLC films can be polished after the deposition.
As for achieving a high degree of chemical inertness on sliding DLC surfaces, researchers have pursued two complementary or closely-related approaches. Specifically, they have either used a hydrogen-rich gas discharge plasma during film deposition [3, 40, 62, 66, [128] [129] [130] [131] or they have introduced hydrogen gas into the test chamber during tribological testing [132] [133] [134] . The main purpose of both approaches was to eliminate those dangling σ -bonds by reaction with hydrogen. Indeed dangling bonds can cause very strong covalent bond interactions and, hence, high friction during sliding. Because of its small size in the atomic and protonic forms, large amounts of hydrogen (up to 50 at. %) can be incorporated into DLC films. For the production of hydrogen-rich DLC films, one can use a PVD or CVD deposition system such as plasma-enhanced chemical vapour deposition (PECVD), ion-beam-assisted deposition, magnetron sputtering, cathodic arc-PVD and PLD. In the case of PECVD, H 2 gas is blended with such hydrocarbons as CH 4 and C 2 H 2 up to 90 vol % and released into the deposition chamber [3, [128] [129] [130] [131] . In the cases of arc-PVD, PLD or direct sputtering, one has to blend hydrogen with argon or other gases used in the generation of discharge plasmas. In the case of PECVD, a gas composition of 75% H 2 and 25% CH 4 (which corresponds to a hydrogen-to-carbon ratio of 10 in the plasma) is more than enough to produce a highly hydrogenated DLC film (containing more than 40 at. % hydrogen).
Such a high degree of hydrogenation of DLC films appears to play a pivotal role in friction and wear especially when tests are run in inert or vacuum test environments. Figure 14 shows the relationship between friction and wear coefficients of DLC films derived from various source gases having H/C ratios of 1-10. In general, the higher the H/C ratio in the gas discharge plasma, the lower the friction coefficients. When tested in a clean and dry test environment, a hydrogen-free DLC film typically provides friction coefficients of 0.6-0.7, while a DLC film derived from pure methane gas exhibits friction coefficients of 0.015-0.02 [3, [128] [129] [130] [131] . The H/C ratio is 4 for pure methane source gas, while it is zero for the hydrogenfree DLC produced in a cathodic-arc PVD system. As shown in figure 14 , films derived from C 2 H 2 (whose H/C ratio is 1) provide friction coefficients of 0.3-0.4 under the same sliding conditions, whereas the friction coefficient for ethylene with an H/C = 2 is between that of methane and acetylene. The lowest friction is achieved in the plasma that contains 10 hydrogens for each carbon atom. In short, those films grown in hydrogenpoor plasmas exhibit high and unsteady friction, while the films grown in hydrogen-rich plasmas provide very steady and low friction.
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Topical Review c Figure 15 . Illustration of sliding contact interface of hydrogen terminated a-C : H surfaces. Figure 14 also compares the wear performance of various DLC films grown in gas discharge plasmas with various H/C ratios. Similarly to the friction results, the wear of DLC films appears to relate strongly to the H/C ratio of gas discharge plasmas. In general, the higher the H/C ratio, the lower the wear coefficient (suggesting that hydrogen plays an important role not only in friction but also in the wear behaviour of DLC films).
Based on the friction test results from hydrogen-rich and/or -poor DLC films, the following mechanism is proposed to explain the role of hydrogen in the frictional behaviour of DLC films. Because hydrogen has a strong chemical affinity towards carbon, it bonds strongly to some of the carbon atoms and thus effectively passivates their unoccupied or free σ -bonds. Once passivated, such carbon atoms become chemically inert and cause very little adhesive interactions during sliding. Such reduction in adhesive interactions across the sliding interface results in low friction. This explanation for the low-friction behaviour of bulk diamond and thin diamond films is widely accepted [135, 136] . C-H bonding is covalent and extremely strong (stronger than single C-C bonds) and hence very difficult to remove from the surface unless sliding tests are performed in high vacuum or at high temperatures [137] . Under such circumstances, it is very-well known that sliding diamond surfaces begin to exhibit high friction.
When extra hydrogen is used during DLC deposition, several important events take place and determine the structural chemistry of the DLC films being produced on a substrate surface. First, this condition can lead to increased hydrogen concentration within the bulk, as well as on the surface. Most of these hydrogen atoms are paired with σ -bonds, but some unbonded free hydrogen may also exist at interstitials. In fact, computer simulation of highly hydrogenated DLC films suggests that, in addition to bonded hydrogen, considerable amounts of unbonded or free hydrogens may exist in atomic and molecular forms (see figure 4) . High hydrogen concentration within the DLC films and on the surface should effectively diminish or even eliminate the possibility of unoccupied σ -bonds remaining and participating in any strong adhesive interactions during sliding. Free hydrogen within the films may serve as a reservoir and can replenish or replace those hydrogen atoms that may have been lost due to thermal heating and/or mechanical action during sliding.
Secondly, hydrogen is highly effective in etching out or removing sp 2 -bonded or graphitic carbon forms during deposition. The removal of such graphitic carbons prevents the formation of planar graphitic clusters that can give rise to π -π * interactions. When DLC films are prepared in highly hydrogenated gas discharge plasmas, strong C-H bonding rather than C=C double bonding should be favoured. As explained in section 4, residual π -bonding that can result from C=C double bonds in DLC can give rise to friction. Finally, some of the carbon atoms (at least those on the surface) could be double-hydrogenated: that is, two hydrogen atoms bonded to each carbon atom on the surface. This bonding can occur on the unreconstructed (100) surfaces of diamond structures under special or supercritical conditions that may have been created by energetic hydrogen bombardment in a highly hydrogenated gas discharge plasma. The double-hydrogenated carbon atoms will increase the hydrogen density of these surfaces and thus provide better shielding or passivation and hence superlow friction. Such a friction model is presented in figure 15 for partially dihydrated sliding DLC surfaces [62] .
As mentioned earlier, other forces such as van der Waals and capillary forces, as well as electrostatic attraction/repulsion, may cause adhesion and hence friction at the sliding interfaces of DLC films. When friction tests are run in a clean, dry nitrogen environment, the extent of capillary forces due to moisture precipitation on the sliding surfaces should be minimal or essentially absent. As for the van der Waals forces, they will be present at the sliding interfaces, but their relative contributions to overall frictional force should be insignificant mainly because of the very high contact loads used in sliding tests. As for electrostatic attraction, since the DLC films are in general dielectric, their sliding surfaces can certainly accumulate static electrical charges. Then, the main question is whether these charges will cause attraction or repulsion. When the free electrons of hydrogen atoms pair with the dangling σ -bonds of carbon atoms, the electrical charge density is permanently shifted to the other side of the nucleus of the hydrogen atom and away from the surface. Such a shift in charge density allows the positively charged hydrogen proton in its nucleus to be closer to the surface than the electron, which is used up by the σ -bond of the surface carbon atoms. Therefore, the creation of such a dipole configuration at the sliding interface should give rise to repulsion rather than attraction between the hydrogen-terminated sliding surfaces of the DLC films [62] . In support of the proposed mechanism described above, Dag and Ciraci have recently demonstrated the existence of strong repulsive forces between H terminated diamond (001) surfaces, especially when the distance between such surfaces is below 2.5 Å [138] . In short, there is no doubt that hydrogen plays a critical role in the frictional behaviour of most carbon films in general and DLC films in particular.
Superlow friction in DLC films can also be achieved by OH termination of surface carbon atoms. In a series of recent studies, Kano et al achieved ultralow friction (0.03) on hydrogen-free DLC or ta-C films under lubricated sliding conditions [70] . Specifically, they blended a poly-alpha olefin base oil with glycerol mono-oleate and used it as a lubricant for sliding ta-C surfaces. Surface analytical studies confirmed the presence of a layer of OH on the surface. Based on these findings, they proposed that alcohol function groups of GMO and the surface carbon atoms of ta-C were mechanically and tribochemically activated to result in a strongly bonded OH layer on ta-C surfaces. Just like hydrogen termination, OH termination of the dangling σ -bonds appears to have resulted in such ultralow friction.
Kato and his coworkers also achieved ultralow friction (less than 0.01) by blowing nitrogen gas into the sliding interfaces of Si 3 N 4 balls and ion-beam-deposited CN x coatings [97] . Based on numerous other studies in dry nitrogen, vacuum and elevated temperatures, they concluded that nitrogensurface interactions (bolstered by mechanical action and tribochemical reaction) may have been the reason for the ultralow friction behaviour of these CN x films. Overall, these and other dedicated studies suggest that the control of surface chemistry or chemical interactions at sliding DLC interfaces is extremely important for the friction and wear behaviour of these films. Specifically, by controlling or effectively eliminating the intrinsic and extrinsic sources of friction in DLC films, one should be able to achieve ultra-and superlow friction coefficients under both dry and lubricated sliding conditions.
Summary and future direction
Unlike most other coatings, DLC is unique and may be formulated in many ways. Some are hydrogen-free, others are highly hydrogenated, while some others are doped with a range of alloying elements. A range of nano-composite and -structured DLC films is also available and represents the latest trend in the field. The degree of sp 2 and sp 3 bonding in these films can be controlled to formulate DLC films with more diamond-or graphite-like qualities. There now exist several deposition processes that can produce high-quality DLC films at reasonable costs. From a tribological point of view, the intrinsic and extrinsic factors can play significant roles in the friction and wear behaviour of DLC films. Intrinsically, the extent of sp 2 versus sp 3 bonding and the amount of other elemental species (H, N, F, etc) can make a significant difference in their friction and wear. Extrinsically, the test conditions and environments, as well the type of counterface materials being used, may play major roles. Previous research has shown that the sliding friction and wear properties of DLC films can be optimized by controlling the chemistry of gas discharge plasmas during film deposition. Ultra-and superlow friction is feasible with highly hydrogenated DLC films when tests are performed in inert gases or vacuum. When sliding surfaces of hydrogen-free or CN x type DLC films are reconditioned by tribochemical reactions, they can also provide extremely low friction and wear coefficients. Mechanistically, the ultra-and/or super-low friction behaviour of these carbon films is related to the formation of a highly passive surface that has little or no chemical or physical interactions with the sliding counterfaces. Because of their impressive friction and wear properties and low deposition costs, DLC films are presently used to combat friction and wear in a wide range of engineering applications.
